The precise assembly of an integrated network of blood vessels is essential for the survival of vertebrate embryos. However, the processes by which primitive endothelial cells form mature vessels capable of supplying oxygen and nutrients to developing tissues remain incompletely understood. Here, we propose a role for Radar, one of the zebrafish orthologues of gdf6, in establishing integrity of the trunk vasculature in zebrafish embryos. We show that radar expression is appropriately placed, both spatially and temporally, to perform such a role. Transcripts for radar are detected in the hypochord and the primitive gut endoderm. These tissues intimately flank developing axial vessels in the trunk and have been previously implicated in the regulation of vascular development. Morpholino-based targeted gene knock-down has generated a Radar-specific loss-of-function zebrafish model. These embryos display normal initiation of vascular patterning and commencement of circulation. However, by day 2 of development, the integrity of the axial vasculature is compromised with hemorrhages and circulation short-circuits throughout the developing trunk. We show that this aberrant vascular development is specific to a reduction of the radar gene product. These results suggest that Radar is involved in a signaling pathway required for establishing the integrity of the axial vessels during zebrafish development. © 2002 Elsevier Science (USA)
INTRODUCTION
Embryonic development is critically dependent on the formation of blood vessels. Many of the molecular mechanisms that regulate vascular development have been identified. Most notably, vascular endothelial growth factor (VEGF) and its receptors VEGF-R1 (Flt-1), VEGF-R2 (Flk-1), and VEGF-R3 (Flt-4), along with the angiopoietins and their Tie receptors, have been demonstrated to play a central role in coordinating the assembly of angioblasts into a vascular network during embryogenesis (Yancopoulos et al., 2000) . It has become evident that the development of mature, functional vessels utilizes not only those genes with major roles in embryonic vasculogenesis, but a set of additional molecules that are not necessarily vascular endotheliumspecific. These include members of the platelet-derived growth factor, Notch, and transforming growth factor-␤ (TGF-␤) families (Carmeliet, 2000; Yancopoulos et al., 2000) , as well as a number of transcription factors. The identification of other regulators involved in initiating vessel growth and in vascular maturation/maintenance will extend the current understanding of blood vessel formation and will provide the basis for future therapeutic strategies (Carmeliet, 2000) .
Blood vessels form during embryogenesis through two distinct processes: vasculogenesis and angiogenesis. During early vertebrate development, the major axial vessels, the dorsal aorta (DA) and posterior cardinal vein (PCV), form from angioblasts that migrate from the lateral plate mesoderm to the midline, where they develop into the primary vascular plexus (Risau, 1997) . In the zebrafish, this de novo vasculogenic process initially provides a simple circulatory loop in the trunk. Blood flows caudally through the DA and returns to the heart rostrally, via the PCV (Isogai et al., 2001) . Further vascularization and remodeling of the em-bryo occurs by sprouting, extension, or splitting of established vessels, a process called angiogenesis (Risau, 1997) . Both processes rely on the proliferation, migration, and assembly of endothelial cells into vessels capable of supporting blood flow, and the recruitment of periendothelial support cells such as smooth muscle cells or pericytes for vessel integrity (Hanahan, 1997) .
There is an increasing amount of data to suggest that the signaling molecules involved in the assembly and maturation of the main axial vessels in the zebrafish are produced by bordering tissues, like the notochord, the hypochord, and the endoderm. The notochord has long been known to play a role in the patterning of midline and paraxial tissues, such as the floor plate and somites Talbot et al., 1995) . Characterization of the zebrafish notochord mutants floating head (flh) and no tail (ntl) suggests that the notochord is a source of signals that direct the formation of the DA (Fouquet et al., 1997; Sumoy et al., 1997) . However, several groups have hypothesized that the formation of the DA in zebrafish and Xenopus is actually mediated by signals secreted from the hypochord, whose initial patterning and differentiation is dependent on signals secreted from the immediately dorsal notochord (Lofberg and Collazo, 1997; Cleaver et al., 2000; Eriksson and Lofberg, 2000; Pham et al., 2001) . The hypochord is a transient single cell layer, purported to be of endodermal origin, which exists in fishes and amphibians (Lofberg and Collazo, 1997) . In the zebrafish, it separates from a subset of endodermal cells at around the 14-somite stage (Eriksson and Lofberg, 2000) . While maintaining tight association with the notochord, the hypochord moves dorsally away from the underlying endoderm, creating a gap in which precursors of the future DA and PCV converge.
A number of studies have found that the hypochord expresses a wide variety of genes. These include transcription factors such as twist Schauerte et al., 1998), fkd1, -2, -4, and -7 (Odenthal and NussleinVolhard, 1998) , adhesion molecules such as f-spondin (Ruiz i Altaba et al., 1993) , and extracellular matrix components such as type II collagen (Yan et al., 1995) . Several secreted factors are also expressed in the hypochord, including sonic hedgehog, shh (Ruiz i Altaba, 1998) and radar (Rissi et al., 1995) . Moreover, Vegf (in Xenopus) and Ang1 (in zebrafish), two potent modulators of axial vascular development, are synthesized by the hypochord (Cleaver and Krieg, 1998; Eriksson and Lofberg, 2000; Pham et al., 2001) .
Another possible source of paracrine signals that mediate vasculogenesis is the primitive gut endoderm (PGE). The one-eyed pinhead (oep) zebrafish mutant lacks endoderm as well as prechordal plate and ventral neuroectoderm. Studies on this mutant suggest that the PGE, which lies immediately ventral to the developing PCV, is involved in the formation of this major axial vessel (Brown et al., 2000) .
We have been investigating the function of members of the GDF5, -6, -7 subgroup of the TGF-␤ superfamily (Davidson et al., 1999) , in particular Growth and Differentiation Factor 6a (GDF6a) or Radar. Radar is a member of the Bone Morphogenetic Protein (BMP) family (Rissi et al., 1995; Davidson et al., 1999) . GDFs and BMPs belong to the TGF-␤ superfamily of growth factors and are known to play critical roles in early vertebrate development (Kingsley, 1994; Hild et al., 2000) . We initially isolated members of the zebrafish Gdf5, -6, -7 subgroup by screening a genomic DNA and a 20-to 28-hpf embryonic cDNA library with a probe encoding the mature domain of murine GDF7 (Davidson et al., 1999) . In this study, we describe for the first time an early expression domain for radar in the posterior part of the lateral plate where early hematopoietic/vascular precursors first arise (Gering et al., 1998; Davidson and Zon, 2000) . Later domains of expression throughout the trunk of developing zebrafish embryos were found to closely border the developing DA and PCV. Using a gene knock-down strategy and microangiography, we demonstrate that Radar plays a critical role in establishing/maintaining the integrity of the developing zebrafish axial vasculature.
MATERIALS AND METHODS

Fish Maintenance
Embryos obtained from natural spawnings of laboratory lines were raised and maintained as described in Westerfield (1993) . Embryos were staged according to morphological criteria (somite number) and hours post fertilization (hpf) .
Whole-Mount in Situ Hybridization
To synthesize digoxigenin (DIG)-or fluorescein (FLU)-labeled antisense RNA probes, plasmids containing radar, scl, flk-1, fli1, ang1, tie2, and ␤E 3 -globin cDNAs were linearized by using EcoRI, SalI, SmaI, EcoRI, NotI, EcoRI, and KpnI/XmaI restriction enzymes, respectively, prior to transcription with either T3 or T7 RNA polymerase (Promega). The ang1 in situ probe template was generated by PCR using the following primers: (forward) 5Ј-TGGGGTTGCTTGTTTCTGGC-3Ј, (reverse) 5Ј-CACCTTTTT-GGTCTCTTGTGGG-3Ј (GenBank Accession No. AF379602). All probes were labeled with DIG, except for scl, which was labeled with FLU when used in double in situ hybridizations.
Whole-mount in situ hybridization was carried out according to standard procedures (Westerfield, 1993) with the following change: blocking solution consisted of 10% lamb serum (v/v), 2% (w/v) Boehringer Mannheim blocking reagent, and 0.1% (v/v) Tween 20 in maleic acid buffer (pH 7.5). Alkaline phosphatase activity was detected with NBT-BCIP or Fast Red (Boehringer Mannheim) substrates. Stained embryos were visualized in 80% glycerol/ phosphate-buffered saline, 0.1% Tween-20 (PBT) under a Leica MZFLIII stereo microscope.
Histology
Stained and unstained embryos to be sectioned were dehydrated in methanol and embedded in JB-4 methacrylate (Polysciences). Sections 5-8 m thick were cut by using a RM2155 microtome (Leica) and transferred to glass slides, counterstained with 1% (w/v) methylene green (Sigma) or 1% (w/v) azocarmine (Sigma-Aldrich), 1% (w/v) aniline blue (Sigma-Aldrich), and 0.6% (w/v) hematoxy-lin, and mounted with Poly-Mount (Polysciences). Embryos stained using Fast Red as a substrate were rehydrated and embedded in 1.5% agarose/5% sucrose for cryostat sectioning.
Preparation and Microinjection of Morpholino Anti-Sense Oligonucleotides and cDNA
Morpholinos (Gene Tools, LLC), received as sterile salt-free lyophilized solids, were resuspended in sterile water to a concentration of 50 mg/ml. For injections, this stock solution was diluted to 3-6 mg/ml with 1ϫ Danieau [58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca(NO 3 ) 2 , 0.5 mM Hepes, pH 7.6] and typically injected at a volume of 2-3 nl. Morpholino sequences were: rad-MO1, 5Ј-GCGTAAAAGGCGACTGCTCTCAAGG-3Ј; rad-MO2, 5Ј-CCAAAGAGTAAAGTGGAGCCGTGTC-3Ј (rad-MO1 and 2 are nonoverlapping); four-base mismatch control oligonucleotide, radMO1-mm, 5Ј-GCGTtAAAGcCGACTcCTCTgAAGG-3Ј; negative control MO, 5Ј-CCTCTTACCT-CAGTTACAATTTATA-3Ј. This MO is offered by Gene Tools as a negative control oligonucleotide that should have no target specificity.
The construct P2RAD was used for both overexpression and rescue experiments. P2RAD is a functional fusion between cDNAs encoding the mature domain of radar fused in frame to the pro-domain of human BMP2 within the pCS2ϩ (Turner and Weintraub, 1994) vector backbone. The reporter construct pCS2/EGFP encodes the enhanced GFP (EGFP) reporter within the pCS2ϩ vector backbone. P2RAD and EGFP encoding cDNAs were typically injected at a volume of 1 nl. Capped P2RAD mRNA was synthesized by using the mMessage mMachine SP6 Kit (Ambion).
Embryos were injected by using a Narishige micromanipulator connected to a MPPI-2 pressure injector (Applied Scientific Instrumentation) while being viewed under a Leica dissecting microscope. DNA or morpholino solutions were injected into one-to four-cell-stage embryos at the yolk/cytoplasm interface. Typically, DNA and mRNA were injected at a volume of 1 nl, and morpholinos at 2-3 nl because of their greater viscosity at higher concentrations.
Microangiography and Imaging
Microangiogaphy was performed essentially as described in Weinstein et al. (1995) . In brief, yellow-green fluoresceinated carboxylated latex beads, obtained from Molecular Probes (Cat No. F8787), were diluted 1:1 in 2% BSA (Sigma) and sonicated on ice by using a Misonix sonicator equipped with a microprobe for 25 min (5 ϫ 5-min cycles) at maximum power. This solution was then centrifuged at 14,000 rpm for 5 min. Embryos to be injected were raised in PTU (1-phenyl-2-thiourea; Sigma)-treated embryo medium to prevent pigmentation (as described in Westerfield, 1993) . Embryos were anesthetized prior to injection by incubation in embryo medium containing 16.8 mg/100 ml tricaine (Sigma). Holding and microinjection pipettes were fashioned from borosilicate glass capillaries (1 mm O.D.; Clark Electromedical Instruments). Embryos were positioned ventral side up such that the cardinal vein/sinus venosa was visible, and the bead suspension was injected into the sinus venosa by using small pulses over the course of about 1 min. Embryos were embedded into 2% methyl cellulose (Sigma) in embryo medium, for image capture.
Images of manipulated embryos were captured by using a Leica DC200 digital camera connected to either a Leica MZFLIII fluorescent stereo microscope equipped with a green fluorescence protein (GFP) filter set (for microangiography), a Leica MZFLIII stereo microscope (imaging of in situ hybridizations), or a Leitz DMR compound microscope (Leica) (for mounted embryo sections).
RESULTS
Radar Expression Is Intimately Associated with Blood and Vascular Development during Zebrafish Embryogenesis
To investigate a potential role of radar during vascular and hematopoietic development, we examined the expression pattern of radar in more detail. While a previous study had identified radar transcripts in the eye, neural crest cells, neural tube, dorsal fin, and hypochord, the only description of early radar expression in the posterior region of the embryo was as weak staining at the posterior midline of 11-hpf embryos (Rissi et al., 1995) . To better define these cells, we conducted double in situ hybridizations for radar and scl during early embryogenesis, and reevaluated radar expression and its proximity to vascular development throughout the trunk.
By whole-mount in situ hybridization, we detected radar transcripts in the early posterior embryo as bilateral stripes in the ectoderm above the neural keel and in the lateral mesoderm ( Fig. 1A) , in addition to the sites of anterior expression previously reported (Rissi et al., 1995) . This lateral mesoderm expression is transient and weak, being first detected in 11.5-hpf-stage embryos and persisting until 15 hpf (data not shown). To determine the relative position of these posterior bilateral stripes of radar-expressing cells in the lateral mesoderm, we performed double wholemount in situ hybridization for radar and scl transcripts. Transcripts for scl are believed to label hemangioblasts in the lateral plate mesoderm that are destined to contribute to both the hematopoietic and vascular lineages (Gering et al., 1998) . These experiments demonstrated that the posterior lateral radar expression overlapped with scl at the caudal extremities of their expression domains and then became distinct and progressively more separate rostrally (Figs. 1B and 1C) . Where radar expression was clearly separate from that of scl, transcripts for radar were more lateral than those for scl (Figs. 1B-1D), but closely bordered the entire length of the posterior scl expression domain (Fig. 1B) .
Later, during zebrafish embryogenesis, we confirmed by whole-mount in situ hybridization that radar was expressed strongly in the hypochord (Figs. 1E-1G) and the ventral tail mesenchyme (Fig. 1G ) of 24-hpf-stage embryos. Moreover, the staining below the hypochord described previously (Rissi et al., 1995) was found to represent the PGE (Figs. 1E and 1F) . Transverse sections (Fig. 1F) clearly showed that radar expression in the hypochord and PGE lay immediately adjacent to the developing DA and PCV, respectively. The expression of radar in the hypochord and PGE persists from the genesis of the hypochord (at around the 14 somite stage) to at least the 36-hpf stage (Fig. 1J ), at which point the level of expression is significantly reduced. The expression of radar in the hypochord was observed posteriorly (Fig. 1G) , where it intimately flanked the developing caudal artery (CA), the posterior extension of the DA. Similarly, the posterior extension of the PCV, the caudal vein (CV), was adjacent to a domain of radar expression in the ventral tail mesenchyme (Fig. 1G ). The ventral tail mesenchyme has been shown to express several genes implicated in hematopoiesis and vascular development, including gata2 (Detrich et al., 1995) , scl, flk-1 (Liao et al., 1998) , fli1, flt4 (Thompson et al., 1998) , and tie1, tie2 (Lyons et al., 1998) . Double whole-mount in situ hybridization analysis of radar and scl demonstrated that transcripts for both genes were expressed in overlapping domains of the posterior ventral tail mesenchyme (Figs. 1H and 1I ).
Forced radar Expression Results in Ventralization
We undertook overexpression studies using a cDNA construct (P2RAD) under the control of the cytomegalovirus (CMV) promoter. P2RAD encodes a fusion between the pro-domain of human BMP2 fused in frame with the Radar mature domain while maintaining the predicted cleavage site. This gave us the option, if needed, to use an antihuman BMP2 antibody to localize exogenous Radar protein.
Injection of P2RAD encoding cDNA resulted in ventralization (Table 1; Fig. 2 ), consistent with our own (data not shown) and previously reported full-length RNA-and cDNA-mediated radar overexpression studies (Goutel et al., 2000) . This P2RAD-induced ventralization was very reminiscent of that induced by three other members of the BMP family, bmp2b, bmp4, and bmp7 (Neave et al., 1997; Goutel et al., 2000; Schmid et al., 2000) . To trace the distribution of exogenous radar transcripts, the P2RAD DNA was coinjected with a construct encoding EGFP also driven by the CMV promoter. Only embryos that expressed GFP displayed the expected phenotype, supporting the validity of this strategy. Furthermore, there was a tight correlation between GFP expression intensity and the P2RAD-induced ventralization phenotype, with coinjected embryos displaying the greatest GFP expression and also displaying the most severe ventralization (Figs. 2B and 2C) . Control embryos injected with pCS2/EGFP alone developed normally (Table 1 ; Fig. 2A ). The range of ventralized phenotypes observed following P2RAD overexpression was classified according to Kishimoto et al. (1997) . In brief, V1 embryos displayed the mildest ventralization, including a reduction of anterior head structures but maintained a notochord. V2 embryos were slightly more ventralized and displayed a reduced or absent notochord and an expanded ICM region. V3 embryos possessed little or no head and notochord with an expanded ICM compartment. V4 embryos were the most ventralized, lacking all anterior head structures and notochord, but maintaining fused somites. The injection of higher doses of P2RAD cDNA also resulted in a subset of embryos displaying a disrupted gastrulation phenotype, lacking a proper embryonic axis, consistent with previous RNA-and cDNA-mediated radar overexpression studies (Delot et al., 1999; Goutel et al., 2000) . These gastrulation defects were regarded as nonspecific in previous studies (Delot et al., 1999) . Table 1 shows the phenotypes observed following overexpression of P2RAD in those embryos that developed a normal embryonic axis, excluding those possessing gastrulation defects. As expected, greater degrees of ventralization correlated with elevated injection doses. The effect of forced expression of radar on vascular development in 24-hpf embryos was assessed by in situ hybridization studies with flk-1. No ectopic expression of flk-1 was observed in radar-injected embryos (compare Figs. 2D and 2E with 2F and 2G). However, misexpression of P2RAD often resulted in impaired development of the caudal vasculature in the tail, typified by an expansion of flk-1-expressing cells in the posterior ICM region (Figs. 2F and 2G). A similar expansion of scl expression in the ICM compartment was also observed. In addition, the midline convergence of scl-expressing cells from the lateral plate mesoderm was inhibited, associated with the absence of a notochord (data not shown). This expansion of ventral mesodermal tissues at the expense of more dorsal mesoderm, such as the notochord, has previously been demonstrated in overexpression experiments with the related bmp2b, -4, and -7 genes (Neave et al., 1997; Goutel et al., 2000; Schmid et al., 2000) .
Radar Morphants Display Specific Circulatory Defects at 2 Days
To investigate whether Radar was necessary for vascular and/or hematopoietic development, we employed morpholino technology to effect targeted knock-down of this protein. Following 50 h of development, radar morphants demonstrated circulatory defects. These defects ranged from a complete absence of trunk circulation to a more subtle phenotype in which intersegmental circulation was absent and blood was observed to leak out of the trunk vasculature in a number of locations. Under light microscope, blood cells could be clearly seen leaking from the trunk vasculature and often moving dorsally and pooling in extravascular tissues. To observe these defects in detail, microangiography was performed.
The circulatory defects were characterized by using two distinct criteria: classifying the pattern of circulation in the main axial vessels (DA and PCV) and noting the presence or absence of intersegmental circulation (Table 2 ). In class I morphants (Figs. 3C-3F and 3I ), blood passed down the DA but returned via the PCV prematurely at varying locations along the yolk extension (compare Fig. 3C with 3E ). This short-circuiting resulted in an absence of blood in the CA or CV plexus (compare Figs. 3A and 3B with 3-3F and 3I). In class II morphants (Figs. 3G and 3H ), blood cells either accumulated in the trunk or pulsated back and forth with the heartbeat. The class III embryos were the most extreme, lacking circulation in the trunk with blood often seen circulating through the head and around the yolk in a rudimentary circulatory network. A reproducible dose-dependent effect of rad-MO1 injection was observed ( Table 2) . Injection of 8 ng of rad-MO1 resulted in more embryos possessing the various classes of circulatory phenotypes when compared with injection of 6 ng. At the 6-and 8-ng doses, the class I circulatory phenotype was the most common abnormality, accounting for more than 90% of embryos affected by a circulatory defect ( Table 2 ). The majority of these morphants had a normal circulation at 30 hpf (80 Ϯ 2%; n ϭ 198; 8-ng dose; two separate experiments) and looked morphologically normal until the circulation defects occurred at 50 hpf. Interestingly, the vasculature posterior to sites of circulatory shortcircuiting were often highlighted by the injected FluoSpheres, suggesting that caudal vasculature was present (Figs. 3E, 3F, and 3I ). In addition, some radar morphants displayed typical DA, CA, CV, and PCV circulation despite hemorrhages along the trunk (Fig. 3J) . In all phenotypic classes, blood was often seen pooling at various locations, including the head (Fig. 3G) . In such cases, blood was often observed to take divergent paths throughout the embryo to bypass the apparent obstruction. A significant number of embryos, (40% with 6-ng dose and 80% with 8-ng dose) possessed no intersegmental circulation following 50 h of development, irrespective of the phenotype class to which they were grouped (compare Figs. 3A and 3B with 3C, 3D, and 3G-3J) ( Table 2 ). Injection of a second nonoverlapping morpholino, rad-MO2, resulted in similar axial vessel leakage (data not shown). Nonspecific phenotypes attributed to toxicity, including neural degeneration and abnormal notochord formation in a small subset of embryos Ekker and Larson, 2001) , were evident when higher concentrations of rad-MO1 were injected. No disrupted circulation was observed following the injection of 8 ng of a standard negative control MO (data not shown) or 8 ng (highest dose) of the rad-MO1-mm MO (a 4-base mismatch control of rad-MO1) ( Table 2 ). These controls validate the sequence-specific activity of rad-MO1 and rad-MO2.
To support our findings, experiments to rescue the circulation defects were performed on radar morphant embryos injected with 8 ng rad-MO1 using varying amounts of P2RAD mRNA or cDNA. Transcripts encoded by P2RAD are devoid of the rad-MO target sequence. As shown by others (Goutel et al., 2000) and this study, overexpression of radar results in ventralized embryos, an early phenotype already overt during somitogenesis. Since the radar-specific vascular defects are evident much later (Ͼ35 hpf), delivery of optimal doses of P2RAD to effect a full rescue would inevitably be masked by the ventralizing activity of Radar. In this context, only a partial rescue could be attempted.
Coinjection of 8 ng rad-MO1 with 2 pg P2RAD mRNA increased the frequency of normal embryos by twofold (27 to 49%), along with a marked decrease in the proportion of class I morphants (67 to 45%) ( Table 2 ). While the class I morphant frequency was further decreased by delivery of 10 pg P2RAD mRNA (20%), this was not reflected in the proportion of normal embryos rescued; instead a representation of severely ventralized embryos (23%) was produced by this treatment. P2RAD cDNA was also used to potentially attenuate this early interfering ventralization. How- ever, similar results were obtained by using 10-, 30-, and 50-pg doses (Table 2) . To normalize the data obtained against the subset of ventralized embryos, these frequencies were excluded from the calculations, resulting in a corrected value for rescue (Table 2) . Severely ventralized embryos (V3 and V4; Fig. 2C ) that developed abnormal trunk circulation as a downstream effect of ventralization, in particular the absence of a notochord, were separated from the cohort with normal notochord and circulation at 24 hpf. The remaining embryos that were phenotypically normal at 24 hpf were monitored for vascular defects at 50 hpf. Based on the corrected values, a dose-dependent rescue was apparent with both P2RAD mRNA and cDNA injections ( Table  2) . Coinjection of 8 ng rad-MO1 with the highest doses of P2RAD mRNA and cDNA (10 and 50 pg, respectively), increased the proportion of embryos with normal axial circulation from 27% (8 ng rad-MO1 alone) to 73% and 67%, respectively.
Radar-Specific Vascular Defects Occur Following the Initiation of a Normal Circulation
Prior to vascular leakage, both anterior and posterior circulation in radar morphant embryos was normal. This was clearly evident under light microscope, by wholemount in situ hybridization for the blood cell-specific marker ␤E 3 -globin and by microangiography (Figs. 4A and  4B) . ␤E 3 -globin expression in radar morphants during the initiation of circulation revealed a typical pattern, with blood cells restricted to and highlighting a normal rudimentary circulation. Blood cells were observed in the DA, PCV, as well as the common cardinal vein and lateral dorsal aorta (Fig. 4A) . Microangiographic analysis confirmed normal circulation through the trunk vasculature (Fig. 4B) . Although leakages were most evident at the 50-hpf stage, their genesis was often observed as early as 35 hpf (Figs. 4C and  4D ). Blood cells were observed to leak out of the trunk vasculature and travel dorsally past the notochord despite an otherwise typical circulation that reached the caudal plexus (Fig. 4D ). As development proceeded and blood pressure increased, this growing hemorrhage would progressively restrict axial circulation. In extreme cases, blockages would form that would force the circulation to short circuit and return to the heart prematurely via the PCV. Crosssections revealed that blood cells often go past the notochord and neural tube to the dorsal most surface of the trunk, apparently taking a path of least resistance, where they would pool in extravascular locations (Fig. 4G) .
Radar Morphants Display Typical Initiation of Vascular Patterning and Hematopoiesis
To determine how vascular patterning was affected in radar morphant embryos, in situ hybridization analysis for genes known to be involved in early vascular patterning was conducted. These genes included the receptor tyrosine kinase flk-1, the angiopoietin ang1, and its receptor tie2, and the transcription factor fli1. Each of these genes displayed a typical expression pattern in radar morphant embryos (Fig. 5) . Expression of the endothelial markers, flk-1, fli1, and tie2, demonstrated that, in radar morphants, angioblasts migrated to the midline and assembled into a DA and PCV (Figs. 5B, 5F , and 5H). Furthermore, flk-1 and fli1 expression highlighted the genesis of apparently normal looking intersegmental vasculature (Figs. 5B and 5F ).
To determine whether hematopoeisis was affected in radar morphant embryos, whole-mount in situ hybridization was conducted by using the blood cell-specific marker ␤E 3 -globin. ␤E 3 -globin expression was normal in radar morphant embryos with blood cells present throughout the ICM compartment (Fig. 5J) . Furthermore, these ␤E 3 -globinexpressing cells were demonstrated to contribute to an initially normal circulation (Fig. 4A) .
These experiments revealed that a targeted reduction in Radar signaling resulted in a specific loss of vessel integrity such that blood leaked from the axial vasculature, and that the Radar signal does not seem to be necessary for the initial establishment of axial vascular patterning or normal primitive hematopoiesis.
DISCUSSION
In this study, we report for the first time the detection of bilateral stripes of radar-expressing cells in the lateral mesoderm of zebrafish embryos. Although transient and weak, this early expression commencing at 11.5 hpf positions radar alongside markers of blood and vascular development that are characteristically expressed in the lateral mesoderm at this time. An example is scl, which encodes a transcription factor believed to function in hemangioblastic progenitors that are capable of contributing to both the hematopoietic and endothelial lineages (Gering et al., 1998; Porcher et al., 1999) . Except for some overlap of scl and radar expression in the posterior lateral plate, the pairs of bilateral stripes are predominantly separate but closely flank each other with radar expression located more laterally. Radar is a signaling molecule, and although its expression may be restricted to this lateral domain of mesoderm, its activity gradient, a feature typical of BMP signaling (Wilson et al., 1997; Jones et al., 1998) , may extend into neighboring, more medial mesoderm. Later during development, we demonstrated that radar is expressed by the hypochord, primitive gut endoderm and ventral tail mesenchyme, tissues that intimately sandwich the developing axial vasculature and ICM compartment throughout their genesis. These expression domains place Radar well within range of hematopoietic and vascular events during early embryogenesis.
Morpholino-mediated radar gene knock-down experiments highlighted a critical function for Radar in establishing the integrity of the DA and PCV, despite an apparently normal looking early hematopoietic and vascular program. Using microangiography, we observed that vascular integrity was compromised in 50-hpf embryos that had been injected with radar morpholinos. The outstanding defect in all groups of vascular morphants in this study was the apparent inability to sustain blood flow in the trunk following an apparently normal commencement of circulation. We can eliminate dysfunctional vascular patterning as the cause, since patterning of the trunk vessels was unperturbed as marked by flk-1, fli1, and tie2 expression. Likewise, ang1, a gene implicated in the recruitment of periendothelial support cells to maintain vessel integrity and quiescence (Hanahan, 1997; Yancopoulos et al., 2000) , also displayed normal expression. While vascular instability of the major vessels was more obvious when visualized with microangiography, only absence or reduction of intersegmental circulation was noted in the majority of morphants. It is noted that when leakage occurs toward the anterior region of the trunk, no blood circulates caudally through the DA. It is this circulation that feeds the intersegmental vessels, and therefore, in such circumstances, one would expect no intersegmental blood flow. Hence, it is possible that the absence of intersegmental circulation is an indirect effect of insufficient blood flow through the DA.
It is surprising that although radar is expressed as early as 12 hpf and borders sites of active vasculogenesis throughout the time angioblasts migrate to form the axial vessels, the circulatory phenotype was not observed until at least 35 hpf. A possible explanation for this may be functional redundancy between Radar and other related TGF-␤ superfamily members such as dynamo/gdf6b, which is expressed in the hypochord during somitogenesis (Bruneau and Rosa, 1997) . It has been suggested that radar and dynamo represent orthologs of murine Gdf6, generated from a genome duplication event that has occurred during zebrafish evolution (Davidson et al., 1999) . Hence, it is plausible that Dynamo may compensate for loss of Radar function. Alternatively, radar may act early to induce gene products required for the stability of the endothelium, but the phenotype arising from the absence of these proteins does not manifest until later in development. For example, the structural integrity of the axial vessels may only be compromised in response to an increased blood pressure and/or shear stress that occurs during the early larval stage. In support of this, fluid shear stress is believed to pay a role in influencing signaling cascades that participate in the molecular events controlling vascular endothelial morphogenesis during embryonic development (Hungerford and Little, 1999; Berk, 2001) .
The radar morphant phenotype described here appears similar to the phenotype reported for knock-down of Vegf-a . However, a number of differences suggest that Radar and Vegf-a may act through parallel pathways. First, the nature of the inhibited axial circulation was different between these two morphants. Vascular leakage appeared to be the catalyst for disrupted axial circulation in the trunk of radar morphants, while in vegf-a morphants, no vascular leaks were reported . Second, intersegmental vessels were absent in vegf-a morphants as revealed by a lack of flk-1 expression and microangiographic detection . Given that radar morphants possessed intersegmental vessels that expressed flk-1, Vegf-a function in this setting appears intact.
Our overexpression analysis of radar confirmed an early ventralizing activity for this pleiotropic gene. It has been suggested that maternal radar transcripts are involved in this regulation of early ventral patterning through an Alk6/BMP receptor-related mechanism (Goutel et al., 2000) . Interestingly, the morpholino-mediated knock-down of Radar did not result in dorsalization. This suggests that although Radar has ventralizing activity when overexpressed, endogenous levels of Radar may not be required for the formation or patterning of ventral mesoderm. Some support for this comes from a radar deletion mutant, rdr D1 , that possessed a 27.4-cM deletion encompassing the radar locus and was not characterized as possessing a dorsalized phenotype (Delot et al., 1999) . Alternatively, redundancy may exist between radar and one or more of the closely related genes, bmp2b, -4, or -7, all of which similarly result in ventralization when ectopically expressed (Neave et al., 1997; Goutel et al., 2000; Schmid et al., 2000) .
The overriding masking effects of radar's early ventralizing activity prevented any insightful conclusions to be drawn from these overexpression studies regarding a potential role for radar expressed in the hypochord and primitive gut endoderm. A more controlled strategy for ectopic radar delivery is required to circumvent this ventralizing activity. To this end, we are generating an inducible transgenic line to facilitate the precise temporal control of ectopic radar expression.
In summary, we propose a function for the signaling molecule Radar in establishing the integrity of the zebrafish axial vasculature. We believe that Radar expressed from the hypochord and primitive gut endoderm is most likely to perform this role due to its intimate spatiotemporal relationship with the developing axial vasculature during embryogenesis. In addition, a number of studies have implicated the hypochord and posterior gut endoderm in the development of the axial vasculature in zebrafish and Xenopus (Lofberg and Collazo, 1997; Brown et al., 2000; Cleaver et al., 2000; Eriksson and Lofberg, 2000; Pham et al., 2001) . However, we do not ignore the possibility that the early radar expression in the lateral mesoderm may play a part in this role. Indeed, a subset of vascular smooth muscle cells (VSMCs) is believed to differentiate from an as yet unidentified population of mesodermal cells (Hungerford and Little, 1999) . We were unable to analyze vascular smooth muscle cell differentiation in radar morphants because of the lack of any characterized VSMC markers in the zebrafish.
The zebrafish is an ideally suited model in which to study vascular development. The advantages of using this system, not just for vascular development, but for all aspects of vertebrate development continue to expand its usefulness in unraveling genetic programs. Future research regarding radar will focus on exactly how Radar signals to establish vascular integrity of the DA and PCV. A greater insight into such a pathway will expand our understanding of vascular development, and in doing so provide a stronger framework in which to develop potential therapeutic strategies. also grateful to Genetics Institute for the hBMP2 pro-domain fusion construct and to Dr. Peter Cattin for tissue sectioning and his expert management of the zebrafish facility. A special thanks also goes to Dr. Julia Horsfield for her critical evaluation of this manuscript. 
